ABSTRACT Ascites is a major cause of mortality and morbidity in modern broiler production. Reduction of early growth, followed by compensatory gain, seems a practical and viable method to minimize losses caused by ascites. An experiment was conducted to determine if early feed restriction can reduce the incidence of ascites in broilers exposed to cool temperatures. Ross 308 cockerels (N = 180) were assigned to 5 diet treatments and 2 temperature regimes, with 3 replicate pens of 6 birds per treatment and temperature. A standard grower diet was diluted by adding rice hulls at 0, 15, 30, 45, and 60% by weight from 7 to 14 d of age. On d 21 through 42, the temperature was maintained at 20 to 25
INTRODUCTION
Modern broilers have been intensively selected for improved feed efficiency coupled with high growth rates that are associated with a metabolic disorder known as ascites syndrome Olkowski et al., 1995; Wideman, 1997) . This syndrome is an important cause of mortality in the broiler industry worldwide (Wideman, 1998) . Ascites has a multifactorial pathogenesis that is initiated when high basal metabolic rates are induced by exposure to cool temperatures, moderate heat stress, hyperthyroidism, elevated muscle mass, and overeating (Hassanzadeh et al., 2004) . Increased basal metabolic rates lead to increased tissue requirements for oxygen that cannot be sustained by the marginally inadequate and functionally immature cardiopulmonary systems of modern broilers (Currie, 1999) . Key consequences of this cardiopulmonary inadequacy include systemic arterial hypoxemia (undersaturation of the arterial blood with oxygen) and pulmonary arterial hypertension (Wideman, C Wideman et al., 1999) . Indeed, the terms pulmonary arterial hypertension, pulmonary hypertension syndrome, and ascites syndrome commonly are used synonymously (Wideman et al., 2013) . Systemic arterial hypertension triggers the onset of key hematological parameters such as increased erythrocyte number, blood hemoglobin, and mean erythrocyte cell volume (Kalmar et al., 2013) . Pulmonary arterial hypertension, which increases packed cell volume (PCV) and blood viscosity, causes specific hypertrophy of the right ventricle (RV), which are a response to workload caused by increased pulmonary arterial pressure with the relative increase in RV mass being computed as a percentage of BW or as a percentage of the total ventricle mass (TV) (Julian, 1993; Wideman and Bottje, 1993) . Normal broilers typically have RV:TV ratios of less than 0.25 (Julian, 1987) . Key factors that are known to trigger ascites in commercial broilers include early exposure to cool (subthermoneutral) temperatures and achieving very rapid growth rates that are associated with maximizing the genetic potential of a broiler line by feeding high energy and high protein diets (ArceMenocal et al., 2009; Hassanzadeh et al., 2004; Luger et al., 2001; Pan et al., 2005; Wideman, 1997 Wideman, , 2001 ). Because ambient temperatures, dietary energy levels, and growth rate directly influence the basal metabolic rate and thus the amount of oxygen required by the animal, it should be possible to reduce the oxygen requirements and lower the incidence of ascites by reducing broilers' growth rates and rearing them under thermoneutral conditions (Druyan, 2012; Julian, 2000; Wideman, 1997) . Indeed, restricting feed intake during the first 3 wk posthatch has repeatedly been used to slow the early growth rate of broilers and thereby successfully reduce the incidence of ascites (Acar et al., 1995; Balog et al., 2000; Özkan et al., 2006) . Optimizing the timing, duration, and severity of the restriction is necessary if sufficient compensatory growth is to be attained following the interval of feed restriction (Balog et al., 2000) . Moreover, as genetic selection continues to reduce the age at which modern broilers attain target weights, existing protocols for early growth restriction must be reevaluated to enable birds to compensate over a shorter life span (Shariatmadari, 2009) . Therefore, the present study was designed to determine the effect of early-age feed nutrient dilution, an easily managed form of feed restriction, on performance-and ascites-related parameters in broilers raised under thermoneutral and subthermoneutral (cool) ambient temperatures.
MATERIALS AND METHODS

Experimental Design
The animal use protocol was approved by the Institutional Animal Care committee of Tarbiat Modares University. We obtained 180 day-old male chicks (Ross 308) from the local commercial hatchery (Shahriyar, Iran; altitude 1,300 m above sea level). They were wing-banded and assigned to 5 diet treatment groups of 18 broilers each. Each diet treatment had 3 pen replicates with 18 birds initially placed on fresh wood shavings litter in a floor pen. Standard brooding temperatures were maintained for all birds until d 7. On d 7, half of the birds were moved to respective diet treatment pens in an adjacent room in the same house, to facilitate imposing 2 different ambient temperature regimens (Figure 1 ). Birds in one room were reared under a cool temperature (CT) regimen to induce ascites, and birds in the other room were reared under a normal temperature regimen (NT) according to Ross 308 guidelines. For birds in the CT room, the temperature was reduced to 25.0 ± 1.0, 20.0 ± 1.0, 15.0 ± 1, and 11.0 ± 1
• C at 7, 14, 21, and 28 d, respectively; the lowest temperature was maintained from d 28 until the end of the experiment. The ambient temperature and humidity were recorded with thermohygrometers placed above the floor at the level of the birds. The average humidity was 55 ± 5%.
Water was freely available to all birds. All birds were fed ad libitum to 7 d using a starter diet formulated to meet nutrient requirements according to Ross 308 rearing guidelines. The ingredients, composition, and nutritional value of the starter (1 to 7 d), grower (8 to 35 d), and finisher (36 to 42 d) diets are shown in Table 1 . Feed dilution was accomplished by inclusion of 0, 15, 30, 45, or 60% (on a weight basis) rice hulls in the grower diet from 7 to 14 d in both rooms. The mineral and vitamin concentrations were kept undiluted in all dietary groups. After this period, all birds were fed the same grower diet up to 35 d, and all were fed the same finisher diet up to 42 d. The chemical composition of the rice hulls for DM, CP, ether extract, ash, and gross energy was determined by methods approved by the Association of Official Analytical Chemists (AOAC, 1990) . Rice hulls contained 3,160 Kcal/kg gross energy, 92% DM, 18.9% ash, 34.3% crude fiber, 2.7% CP, and 1.5% ether extracts. Feed intake was 
Hematological Parameters
At the end of the experiment, on d 42, whole blood samples were collected by venipuncture from 5 birds per replicated pen (15 birds per diet and temperature group). A portion of the blood sample was stored at 4
• C pending hematocrit and hemoglobin analysis, while the remainder was centrifuged and the plasma stored at -20
• C pending further analysis. Packed cell volume percentage was determined in whole blood samples by centrifugation of microhematocrit capillary tubes at 15,500 × g for 5 min at room temperature (Jain, 1986) . Red blood cells (RBC) were counted in a hemocytometer chamber using Natt and Herrick's solution to obtain a 1:200 blood dilution (Maxwell et al., 1986) . Hemoglobin concentration was determined according to the cyanmethemoglobin method using a commercial kit (Pars Azmun, Tehran, Iran). Mean corpuscular volume (MCV) was calculated according to the following formula:
The mean cell hemoglobin (MCH) was calculated according to the following formula:
The mean corpuscular hemoglobin concentration (MCHC) was calculated according to the following formula:
MCHC (g/L) = Hemoglobin concentration (g/dl)/PCV (Clark et al., 2009) Erythrocyte osmotic fragility was determined in whole blood samples as a criterion of RBC membrane fluidity by using Dacie's method (Buffenstein et al., 2001) with minor modifications and a microplate reader (Awareness Technology Inc., State Fax 3200, Palm City, Fla.).
Plasma was prepared by centrifugation at 1,000 × g for 20 min at room temperature and stored at -20
• C for later analysis (Tankson et al., 2002) . Plasma triiodothyronine (T 3 ) and thyroxine (T 4 ) concentrations were analyzed by enzyme-linked immunosorbent assay (Pishtaz Teb, Tehran, Iran). Concentrations of total protein, glucose, cholesterol, triglycerides, low density lipoproteins, and high density lipoproteins were determined in plasma samples. Plasma samples were analyzed by spectrophotometric methods using commercially available kits (Pars Azmun, Tehran, Iran).
Birds were dissected, and the weights of the spleen, bursa of Fabricius, feet, and breast were recorded. Hearts were weighed, and the atria, pericardium, major vessels, and fat were trimmed off. The left ventricle (LV) and RV were separated, their individual weights were measured on an analytical balance (Scaltec SBA41, Goettingen, Germany; precision 10 −3 g), and the RV:TV ratio was calculated (Julian, 1987) .
Statistical Analysis
The data were analyzed as a 2 temperatures × 5 diet treatments factorial arrangement to estimate the main and interaction effects. Data were analyzed using the GLM procedure of SAS software (SAS, 2004 ) for a factorial 2 × 5 arrangement of data. The test of significance for the difference between means was done by Duncan's multiple range tests (Kaps and Lamberson, 2004) . Statements of statistical significance were based on P < 0.05. Additional analyses of means comparisons were done by orthogonal contrasts.
RESULTS
Performance
As shown in Table 2 , feed dilutions on d 7 to 14 resulted in proportional reductions in BW by d 14 (P < 0.001) that tended to persist through d 28 (P = 0.005), after which compensatory growth eliminated all differences in BW between diet treatment groups by d 35 (P = 0.099) and d 42 (P > 0.1). The temperature regimen had no effect on BW at any age (P > 0.1), and there were no interactions between temperature regimens and diet treatments for BW at any age (Table 2) . Average daily feed intake and FCR were higher for broilers in the CT regimen than in the NT regimen at 8 through 35 d, and diluting the feed with rice hulls at levels higher than 15% consistently reduced ADFI through 42 d (Table 3) . The FCR linearly increased with increases in rice hull levels during the restriction period, but during the compensatory period (d 14 to 35), restricted birds had better FCR (Table 4) .
The breast, feet, spleen, and bursa of Fabricius relative weights (percentages of BW) were not influenced by temperature regimen or diet treatment (P < 0.05; Table 5 ).
Ascites, Hematological, and Blood Indices
The heart weights and RV weights as percentages of BW, and the RV:TV ratios were significantly higher at 42 d in broilers raised under the CT regimen when compared with those raised under the NT regimen (P ≤ 0.03). However, the diet treatments did not affect these cardiac parameters (P > 0.1; Table 5 ). The CT regimen also increased values for hemoglobin, erythrocyte osmotic fragility, PCV, and MCV when compared with the NT regimen (P < 0.05); MCH and MCHC were not affected by temperature regimen (Table 6 ). None of these hematological parameters were affected by feed restriction (P > 0.07; Table 6 ). As shown in Table 7 , neither feed restriction nor temperature regimen affected RBC and white blood cell counts. Plasma T 3 , T 4 , and T 3 :T 4 concentrations were significantly higher in broilers in the CT regimen when compared with those in the NT regimen at 42 d (Table 7) . Diet treatments also affected these indices of thyroid function, and the T 3 :T 4 ratio reduced proportionally with increases in the percentage of feed dilution (linear: P < 0.007; Figure 2 ). There also was a significant interaction between feed restriction and temperature regimen (Table 7 ). Blood biochemistry parameters are shown in Table 8 . The concentrations of plasma glucose, triglycerides, cholesterol, high density lipoproteins, and low density lipoproteins were lower in birds raised under the CT regimen when compared with birds in the NT regimen (P < 0.03). Feed restriction had inconsistent effects on these parameters (Table 8) . 
DISCUSSION
Performance
Reductions in weight gain at an early age, via imposition of feed restriction, reduced the birds' metabolic rate and lowered their oxygen requirements and, consequently, their susceptibility to ascites (Arce et al., 1992; Hassanzadeh et al., 2000; Wideman and Bottje, 1993 ). In the current study, using rice hulls to dilute the diet slowed the growth of feed-restricted birds so that the average live BW was less than that of nonrestricted birds at 14 d (P < 0.001). The live BW of restricted birds (Table 2) compensated by d 35, corroborating previously reported results (Camacho et al., 2004; Leeson et al., 1991) . Consistent with reports by Hassanabadi and Nassiri Moghaddam (2006) , the diluted diet caused the birds to increase their total feed intake, but due to limitations on the capacity of the digestive system to accommodate sufficient volumes of the diluted feed, they were not able to maintain normal energy intake; consequently, FCR increased from 1.51 in the control group to 4.14 in the group fed the diet containing 60% rice hulls (Table 4 ). In agreement witḧ Ozkan et al. (2006) , after elimination of feed restriction, the feed-restricted chickens had accelerated weight gain and improved FCR from 14 to 35 d (P < 0.05). It seems that the restriction method used in the present study allowed compensatory growth up to marketing age, as was previously reported (Lee and Leeson, 2001; Shlosberg et al., 1991; Yu and Robinson, 1992) .
Breast and feet percentage were not influenced by room temperature and feed restriction (P > 0.05; Table 5 ). However, a previous study showed that feed restriction specifically reduced breast muscle growth due to lowering amino acid intake (Urdaneta-Rincon and Leeson, 2002) . Spleen and bursa of Fabricius relative weights were not influenced by cold stress or feed restriction (P > 0.05), whereas previously, regression of the lymphoid organs (e.g., the spleen) was recognized as an important response of chickens to chronic stress (Balog et al., 2003; Özkan et al., 2006) . Thyroid hormones, including T 3 and T 4 , are recognized as key metabolic hormones, which are closely correlated with growth performance and shifts in the energy metabolism of broilers, with T 3 being the functionally active form (Zhan et al., 2007) . Negative effects of feed restriction on thyroid function have been reported, such that reduced T 3 concentrations at low ambient temperature are considered an indication of thyroid insufficiency associated with ascites in fast-growing broilers with low FCR (Buyse et al., 1999) . Ascitic chickens also were reported to have increased plasma T 3 concentrations in response to cold temperature exposure, accompanied by reduced plasma T 4 1 wk before death (Luger et al., 2001) . In this survey, exposure to low ambient temperature resulted in enhanced plasma T 3 and T 4 , as well as T 3 :T 4 ratio, which might be due to the need for a higher metabolic rate to maintain body temperature in the cold environment. In agreement with Sinurat et al. (1987) , the plasma concentration of T 3 decreased and the plasma concentration of T 4 increased linearly (P < 0.05), resulting in a decreased T 3 :T 4 ratio, along with increased restriction severity (Figure 2) . A strong relationship between thyroid hormone activity and ascites incidence was reported previously Hassanzadeh et al., 2000 Hassanzadeh et al., , 2005 . It has been assumed that low temperatures improve the secretion of thyroid stimulating hormone and the secretion of thyroxine as well as increase the conversion of T 4 to T 3 to increase the birds' metabolic rate as they adapt to cold stress conditions (Guo et al., 2007) .
Blood Biochemistry
All of the blood-related parameters shown in Table 8 were significantly reduced due to cold stress, except for total protein (P < 0.05). However, recent surveys have shown that mainly due to reduced albumin, blood protein is at low levels during cold stress (Daneshyar et al., 2009; Julian, 1993; Kalmar et al., 2013) . Baghbanzadeh and Decuypere (2008) reported that decreased plasma protein could be a result of loss of high protein lymph from the liver or a stop-eating process due to RV hypertrophy. Plasma triglyceride and cholesterol concentrations were significantly lower in CT-treated birds, and triglyceride concentrations linearly increased with feed restriction severity (P < 0.01). In contrast, Houshmand et al. (2012) reported that stressors increase concentrations of cholesterol in chicken plasma. Glucose mobilization or production for the energy required to maintain homeostasis is an important factor that increases blood glucose content (Puvadolpirod and Thaxton, 2000) . While Rezaei and Hajati (2010) have shown blood glucose concentrations seem to be markedly resistant to prolonged feed deprivation, our results indicates the opposite, with glucose concentration decreasing due to ambient temperature and feed restriction (P < 0.05).
Ascites Parameters
Increased hematocrit, hemoglobin concentration, blood volume, and liver and heart muscle weight have been observed in broiler chickens and turkeys exposed to low environmental temperature (Yahav et al., 1997) . Before a bird exhibits clinical ascites, common hematological and anatomical changes can be detected (Balog et al., 2003) . McGovern et al. (1999) reported that using feed restriction to reduce growth rate allowed heart growth to remain in phase with body growth. But in this study, feed restriction did not affect the relative parameters of ascites. Cold temperatures also increased the percentage of heart weight (0.74 vs. 0.65), RV:TV (0.23 vs. 0.20), and the ratio of RV weight to BW (0.88 vs. 0.70) at 42 d (Table 5 ), suggesting that the CTtreated birds were more likely to develop ascites. Even though it is well documented that an RV:TV index greater than 0.27 to 0.30 is indicative of ascites syndrome (Balog et al., 2003; Julian, 1987) . Cold stress induces the ascites mainly by increase of oxygen requirements up to 185% (Gleeson, 1986) . The increase in hematocrit is a highly correlated indicator that broilers are susceptible to ascites (Luger et al., 2001; Shlosberg et al., 1992; Wideman and Bottje, 1993) . Elevated hematocrit can be caused by diminished plasma volume, fluid exudation out of the blood system to the abdominal cavity, or enhanced erythropoiesis (Baghbanzadeh and Decuypere, 2008) . Because of the small size of blood capillaries and their inability to expand to accept increased flow, reduced RBC deformability may be a significant cause of increased resistance to flow and pulmonary hypertension in the lungs of meattype chickens (Julian, 1993; Mirsalimi and Julian, 1991; Wideman and Tackett, 2000) . In the present study, the increased PCV was accompanied by a significant increase in blood hemoglobin concentration, but RBC count did not increase. However, Luger et al. (2003) demonstrated that the proportion of immature erythrocytes in the bloodstream increased due to erythropoiesis. Higher hematocrit values increase resistance to blood flow and can eventually result in a higher RV:TV ratio (Molenaar et al., 2011; Shlosberg et al., 1992; Wideman et al., 1998) . Consistent with Pakdel et al. (2002) , Rajani et al. (2011), and Varmaghany et al. (2013) , the results of the present study indicate that birds respond to cold stress, and values for PCV, RV:BW, and RV:TV are increased. An increase in erythrocyte osmotic fragility could decrease erythrocyte deformability, which could lower oxygen transport and increase blood viscosity (Rajani et al., 2011) , so erythrocyte deformity can increase the incidence of ascites in broiler chickens (Hassanzadeh et al., 2014) . The increasing hematocrit and MCV without increased RBC count observed in this study was perhaps due to RBC swelling because the increased erythrocyte osmotic fragility in birds exposed to the CT regimen suggests that the RBC membrane's strength significantly decreased (P < 0.03; Table 6 ). In the present study, mortality was recorded, but no information was available about mortality due to ascites. However, Druyan (2012) reported that nearly 50% of broilers in commercial stocks show ascites under experimental protocols of high challenge ascites-inducing conditions based on exposure to low ambient temperatures. At the end of the current experiment, necropsy was conducted on all birds to investigate ascites, but no ascites indicators such as fluid accumulation in the abdominal cavity, acute RV hypertrophy, or flaccid heart were observed.
CONCLUSIONS
This study revealed that Ross 308 broilers are resistant to a conventional cold ambient temperature protocol, and more severe or earlier cold stress should be administered to induce ascites. Also, to induce ascites in these broilers, hybrid conditions such as high altitudes (hypobaric hypoxia) and low air ventilation may be required. Although in this experiment, clear clinical symptoms of ascites (i.e., excessive accumulation of fluid in the coelomic cavities, acute RV hypertrophy, flaccid heart, and finally death) due to cold stress were not observed, higher total heart weight, RV:BW, RV:TV, and T 3 :T 4 ratios; T 3 , T 4 , and hemoglobin concentrations; erythrocyte osmotic fragility; MCV; and hematocrit indicated partial ascites induction. Additionally, results showed that compensatory growth will occur in such rapid growth broiler strain in a short time following refeeding (21 d interval) after feed restriction (by 35 d). We believe these findings provide additional insight into feed restriction practices in commercial broilers grown to early market age.
